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ABSTRACT

The Montauk Bridge deck was assessed based on the portable seismic property
analyzer and ground penetrating radar data. Based on the analysis of the portable seismic
property analyzer data, it was determined that over 65% of bridge conditions were rated
serious to poor condition with an average compressive strength of less than 2500 psi; less
than 35% of bridge deck conditions were rated fair to good with an average compressive
strength over 2500 psi. Based on ground penetrating radar data, it was determined that
72% of the bridge deck was in serious to poor condition, and only 28% of the bridge deck
was in fair to good condition. Additionally, the analyses of the ground penetrating radar
data indicated possible rebar corrosion in places. For these reasons, it is recommended
that the Montauk bridge’s deck be completely replaced.
The August A. Busch bridge deck was also assessed using a portable seismic
property analyzer and ground penetrating radar tools. Over 90% of the August A. Busch
bridge’s deck was in fair to good condition with an average compressive strength of over
2500 psi. Ground penetrating radar data showed no indication of significant deterioration.
the overall bridge deck was determined to be in fair to good condition, and it was
recommended that the August A. Busch bridge deck be inspected every 24 months.
Based on the ground penetrating radar data, plan-view maps were generated that
showed the cross-section of the bridge deck and the placement steel bars, along with the
dimensions of the steel bars’ covers.
The interpretations of the portable seismic property analyzer data correlated well
with the interpretations of the ground penetrating radar assessments of both bridges.
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1. INTRODUCTION

1.1. BRIEF INTRODUCTION
Of states with the highest percentage rates of deficient bridges in the country,
Missouri is in the top five. Out of the 10,400 bridges in Missouri, at least 2,000 are
structurally deficient, according to the Missouri Department of Transportation. This
means that about 20% of the bridges in Missouri are in serious to poor condition,
according to the National Bridge Inventory (NBI) Rating Scale (Bridges, n.d.). About
50% of these bridges are 50 years or older.
Bridge decks, like any concrete structure, deteriorate over time. For this reason,
regular inspections should be performed to detect potential defects (Samie et al., 2021).
Most internal defects, like the early stages of reinforcement corrosion in the bridge deck,
cannot be detected by performing visual inspections or using traditional inspection
methods like chain dragging or hammer soundings (Parrillo & Roberts, 2006). These
defects can affect the serviceability of the bridge.
Non-destructive testing tools, such as ground penetrating radar (GPR) and the
portable seismic property analyzer (PSPA), extensively used in the past two decades for
monitoring, quantifying, and mapping the deterioration of bridge decks (Gucunski et al.,
2017). Using PSPA and GPR ensures regular monitoring of bridge conditions, leads to
the early detection of deterioration, and plays a major role in bridge serviceability. This is
important, as not knowing the integrity of bridge decks increases maintenance costs and
presents public safety hazards.
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PSPA and GPR data were acquired on two bridge decks owned by the Missouri
Department of Conservation. The intent of data collection was to determine the condition
of the decks (that is, to identify areas where the bridge deck is degraded), and to
determine and demonstrate the functionality of using GPR and PSPA together.

1.2. SCOPE OF WORK
The Missouri Department of Conservation (MDC) has an agreement with the
Missouri University of Science and Technology (Missouri S&T) to conduct nondestructive tests on selected bridge decks owned by MDC. Visual inspection, GPR, and
PSPA data were acquired on the bridge decks located at Montauk Conservation Area and
August A. Busch Conservation Area.
The goals of this research were to address the condition of two bridge decks
owned by MDC; to generate detailed drawings for the bridge decks in terms of thickness
of the concrete and the pattern placement density of reinforcement steel bars; to provide
adequate evaluation of bridge decks for the two bridges; and to determine the
significance of integrating GPR with PSPA.

1.3. SIGNIFICANCE OF WORK
Non-destructive bridge deck assessment tools like GPR and PSPA are used
extensively. However, the GPR and PSPA tools have seldom been used in combination.
Additionally, comparative densely acquired grids of GPR and PSPA data, in combination
with visual inspection data, were not previously acquired, to the best of the author’s
knowledge. This research generated plan-view maps for the Missouri Department of
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Conservation (MDC), showing the thickness of the bridge deck and details of the pattern,
placement, and density of the deck’s reinforcement steel bars. This is significant because
the MDC no longer has design details or as-built drawings. This research also assessed
the capability and compatibility of the three different assessment approaches (visual
inspection, PSPA, and GPR) when used together. If this technology proves to be costeffective, the MDC can acquire these data for each of Missouri’s bridge decks.
Additionally, in terms of data acquisition parameters, data processing, and interpretation
processes, the technology used in this study could be used by other agencies or
organizations to assess the condition of smaller bridges.
Finally, the GPR and PSPA tools are not used in Libya as of 2021. My
expectation is to share this study with the Libyan Department of Transportation and
Public Estate Department to use on their bridges and other concrete structures. This is
significant for the owners of small bridges who want to determine the condition of the
bridge, as well as for generating plan-view maps for those who do not have design plans.
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2. LITERATURE REVIEW

2.1. NON-DESTRUCTIVE TESTS
Visual inspection is the main technique used to assess bridge integrity, but there
are defects that cannot be detected through visual inspection alone. Therefore, nondestructive testing is used to inspect the structural components of bridges (Green, 2002).
With the reference of (Omar & Nehdi, 2018), the following are the most
commonly used non-destructive tools for reinforcement concrete bridges:
The corrosion of the reinforcing
steel bars triggers the concrete deterioration (Bolar et al., 2012). The corrosion causes
internal stresses and leads to internal cracks. As these cracks increase over time, they
cause a separation between the concrete and the reinforcing steel bars known as
delamination (Alsharqawi et al., 2017).
Chain dragging and hammer sounding shown in Figure 2.1 are the most
commonly employed methods for NDT testing. These tests are mostly used for structures
with severe delamination, and it can be used for a wide range of structures. Chain
dragging and hammer sounding are used with other methods in determining the overall
condition of bridge decks (ASTM D4788, 2013).
2.1.1.1. Theory. The chain dragging technique finds voids by tapping the surface
and generating a distinctive (hollow) sound when it goes over a delaminated surface
(Alampalli, 1998).
2.1.1.1. Applications. Detection of defects: delamination, cracks, voids, and
honeycombing. Also, detection of overlay debonding on decks with overlays.
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Figure 2.1. Hammer sounding and chain drag testing (Rutgers University)

2.1.1.2. Advantages and limitations.
 Method for rapid and well-established field collection method.
 Ability to identify severe to moderate delamination by a skilled technician.
 Simple method for the field.
 Easy mapping for researchers.
 Limited training for researchers required.
 Assessment for when the bridge deck needs to be closed.
The IE method is used to detect flaws in concrete
structures. Since 1983, these techniques used in NDT focuses on detection of internal
defects (Carino, 2004). this method uses stress waves to detect internal defects. IE was
developed in 1986 by the NIST and Cornell University in 1986 as a NDT testing
technique. It is a low-frequency elastic-wave method based on the transient response of a
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member to mechanical impacts (Gibson & Popovics, 2005). The Impact Echo is a less
commonly employed tool for NDT testing.
2.1.2.1. Theory.
 Mechanical or seismic stress wave propagation method (acoustic).
 Short-duration stress pulse usually introduced using mechanical impact.
 The compression waves will reflect at interfaces where changes in
acoustic impedance occur.
 Complete reflection occurs at concrete-air interfaces.
 Monitors the frequency arrival of reflected waves at a nearby location.
2.1.2.2. Applications.
 Detection of defects: delamination, cracks, voids, and honeycombing.
 Detection of overlay debonding on decks with overlays.
 Evaluation concrete elastic modulus.
2.1.2.3. Advantages and limitations.
 Provides information on depth and extent of defect with good accuracy.
 Limited to use on horizontal surfaces only.
 Impact duration controls size of detected defect.
 Less reliable in the presence of asphalt overlays.
 Commercially available devices are limited.
 Requires experienced operator and analyzer.
 Determines when the bridge deck needs to be closed.
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UPE is a nondestructive testing method
that allows for a full volumetric testing for the structure.
2.1.3.1. Theory.
 Ultrasonic stress wave propagation method (acoustic).
 Transducer emits short pulse, high amplitude of ultrasonic waves.
 The compression and shear waves will reflect where there is a change in
acoustic impedance.
 Complete reflection of ultrasonic waves at concrete-air interface.
 Measures the transit time of the exited ultrasonic pulse.
 Determines when the bridge deck needs to be closed.
2.1.3.2. Applications.
 Detection of defects: delamination, cracks, voids, and honey combing.
 Measuring deck thickness.
 Debonding of reinforcement bars.
2.1.3.3. Advantages and limitations.
 Provides information on presence and depth of defect.
 Time-consuming, and does not detect defects in depths of less than 3
inches.
 Several parameters influence the wave propagation, like concrete
composition.
 Attenuation of transmitted pulses negatively affects results.
 Large aggregate has significant scattering effect.
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A major defect in reinforcement concrete
structures is the corrosion of the reinforcing steel bars. One of the widely and practically
used tools to identify steel bar corrosion is half-cell potential. The measurement indicates
the probability of corrosion at the time of the test and at the given location. To assess the
predict the severity of the corrosion, long term monitoring must be applied (Elsener et al.,
2003) (Elsener, Andrade, Gulikers, Polder, & Raupach, 2003).
2.1.4.1. Theory.
 Electrochemical method.
 Measures potential voltage difference between steel reinforcement and
standard reference electrode using a voltmeter.
2.1.4.2. Applications.
 Identifies probability of active corrosion of steel reinforcement at time of
testing.
2.1.4.3. Advantages and limitations.
 Evaluates active corrosion.
 Results affected by concrete resistivity and cover thickness.
 Cannot be used in presence of overlays or coated rebar.
 Increase in moisture content will cause negative shifts in potential voltage
measurement.
The GPR has been widely used to
measure and evaluate the thickness of the subsurface layers, detect defects such as
delamination, and determine the optimal repair strategies for deteriorated areas
(Saarenketo & Scullion, 2000). The typical application of the GPR includes
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measurements of the concrete bridge deck thickness, concrete cover, and rebar
configuration (Gucunski, et al., 2010)
2.1.5.1. Theory.
 Electromagnetic wave propagation method.
 Electromagnetic pulses are emitted via a transmitter antenna.
 The higher the frequency of antenna, the better the resolution but the
lower the depth of penetration or the depth of the investigation.
 Reflection at interface with materials of different electric properties
(electrical conductivity and relative dielectric permittivity).
2.1.5.2. Applications.
 Determines deck thickness.
 Measures concrete cover thickness.
 Describes concrete as a corrosive environment
 Locates steel reinforcement.
2.1.5.3. Advantages and limitations.
 Can be used in non-contact mode.
 Ability to rapidly survey large areas with 100% coverage.
 Data processing in a real time (cost-effective).
 Poor delamination detection when no moisture is present.
 Lacks information about corrosion rates or rebar section loss and
mechanical properties of the concrete.
 Determined bridge did not need to be closed.
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The IRT is nondestructive tool that
measures temperature differences of a structure.
2.1.6.1. Theory.
 Electromagnetic surface radiation in the infrared region.
 Utilizes the radiated heat energy to characterize subsurface conditions.
 Anomalies interrupt heat transfer and result in surface temperature
differentials.
2.1.6.2. Applications.
 Detection of defects: delamination, disintegration, cracks, and voids.
 Detection of layers and overlay debonding.
2.1.6.3. Advantages and limitations.
 Remote sensing technique allows real time visualization.
 Rapid inspection with minimum traffic disruption, lane closures, and costeffective method.
 Cannot provide information about the depth of defects.
 Environmental dependence.
 Determined bridge did not need to be closed.
The most common non-destructive tools shown in Figure 2.2 that are used in the field.

Figure 2.2. Non-destructive test mechanisms of reinforced concrete bridges (Omar &
Nehdi, 2018).
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2.2. PORTABLE SEISMIC PROPERTY ANALYZER (PSPA)
The PSPA is a nondestructive device used to evaluate the seismic stiffness of a structure, which in this case
was a reinforced concrete structure. It is a tool that measures sonic and ultrasonic
vibration to assess the concrete pavement structures. The device measures the elastic
modulus, the thickness of the pavement, and locates flaws (Nazarian et al., 1997).

(Nazarian, Baker, & Crain, 1997).

The device shown in Figure 2.3 and Figure 2.4 used a source, two receivers, and
an electronics box packaged as a hand portable unit. The source generated a vibration of
high frequency by tapping the surface of the structure and generates ultrasonic surface
waves. Then, the two receivers detected and measured the amplitude and the wavelength
of the wave, packaged into a portable system for performing seismic tests in the field
(Baker et al., 1995). These data were stored, analyzed, and processed to calculate the
elastic modulus (Geomedia et al., 2007).

Figure 2.3. PSPA assembly diagram.
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Figure 2.4. PSPA Application.

2.2.1.1. Body waves. Body waves are relatively high frequency compared to
surface waves. They propagate three dimensionally through material, and there are two
types of waves, P waves and S waves:
•

P Waves: P waves are compressional strain waves that involve particle motion

parallel to the direction of wave propagation. P wave, or primary wave, is a relatively
high frequency wave that travels into the material internally. It is the fastest type of
seismic wave and is non-dispersive. It is also the first wave to arrive, and it moves by
compressing and dilating the particles. One of the reasons it is called a compressional
strain wave is because the particles travel by push and pull, and the direction of the
movements is the same direction as the waves shown in Figure 2.5. In addition, P waves
travel through solids, gases, and liquids.
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Figure 2.5. Diagram of the particle motion for a P wave propagating in a material
(Geomedia Research & Development, 2007).

S Waves: S Waves are shear strain waves that involve particle motion that is

•

perpendicular to the direction of wave propagation. S waves arrive after P waves, shown
in Figure 2.6. S waves only travel through solids, they do not travel through liquids or
gases.

Figure 2.6. Diagram of the particle motion for S wave propagating in a material
(Geomedia Research & Development, 2007).
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2.2.1.2. Surface waves. Surface waves travel slower than body waves. Generally
lower frequency than body waves, they are the last to arrive after (after body waves). The
surface wave involves particle motion that is maximum on the surface and decays with
depth, as shown in Figure 2.7. There are two major types:
• Love Waves: Love waves are essentially trapped shear waves near the surface of the
body. The particle motion of a Love wave is perpendicular to the direction of
propagation. The amplitude often decreases with the depth.
• Rayleigh Waves: A Rayleigh wave (R wave) is a surface wave that occurs when the
particles are displaced or moved in a circular motion. The particles move elliptically in
ripples. R wave are dispersive because different frequencies propagate at different
velocities. The dispersive property of Rayleigh waves are used to generate the elastic
modulus of the concrete.

Figure 2.7. Diagram of the particle motion for Love wave and Rayleigh wave (Geomedia
Research & Development, 2007).
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The PSPA is a tool
that measures the elastic modulus of the structure using ultrasonic surface wave method
(USW). The basic theory of the USW is to measure the propagation wave velocity
through the materials and detect the changes in the elastic modulus. This research used
the PSPA tool to record the arrival times and amplitudes of R waves.
At each test location, the source generated surface waves by tapping the surface of the
structure. The software analyzed the data and generated the dispersion curve. The PSPA
calculated the phase velocity at selected frequency components of the R wave, which had
a different propagation velocity. The dispersion curve was then transformed
automatically by software into a one-dimensional plot of elastic modulus vs depth (see
Figure 2.8).

Stations

Average elastic modulus

Figure 2.8. Dispersion curve between the elastic modulus and the depth of the
bridge deck. (Screenshot shows an example of an automated output of a PSPA software)
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Figure 2.9. Time difference between near and far receivers.

Knowing the distance between the source and the receivers, the surface velocity
VR can be calculated by:
VR =

ΔX
Δt

Eq.1

ΔX is the distance between the far receiver and the near receiver.

Δt is the difference between the arrival time in the far receiver and the arrival time in

the near receiver, as shown in Figure 2.9.

As shown in Figure 2.10, the software recorded the response time by using the
two receivers.
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Figure 2.10. Typical time records of the transducers. (The red curve is the source signal,
the black curve is signal recorded by near receiver, and the green curve is a signal
recorded by the far receiver)
To implement the method, high frequency was generated by the source. The
wavelength was equal to the uppermost layer, assuming that the layer was uniform
(Nazarian et al., 1993). Baker et al. (1995) developed a relationship between the elastic
modulus and R wave velocity. Assuming the wavelength was approximately equal to the
thickness of the uppermost layer.
By knowing that the surface wave velocity shown in Figure 2.11 and the mass
density p in this case the density of the concrete and Poisson’s ratio (𝑣𝑣), the shear
modulus of the upper layer can be calculated by Equation 2 as follows:
G = p [(1.13 − 0.16) 𝑣𝑣 Vph ]2

where

G is the shear modulus,

Eq.2
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𝑣𝑣 is Poisson’s ratio,

Vph is the velocity of the surface waves, and
p is the mass density.

Figure 2.11. Example shows the average velocity of the surface waves.

Depending on the quality of the concrete, the software estimates the density of the
concrete between 150 Pcf (Pound-force per cubic foot) for good quality concrete, and 145
Pcf for low quality concrete.
Depending on the condition of the concrete, the software estimated the Poisson’s
ratio between 0.18 for cured concrete and 0.2 for fresh concrete. Estimating the Poisson’s
ratio had a small effect on the value of the elastic modulus (Li, Anderson, Sneed, &
Maerz, 2016).
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Using the simplifed equation from (Baker et al., 1995) it was assumed the
uppermost layer was uniform. The PSPA measured the velocity of the Rayleigh wave at
each frequency component. With concrete, the density was estimated depending on the
condition of the concrete; Poisson’s ratio was also estimated. The elastic modules vs. the
depth of the concrete deck profile can be generated by Equation 3 or Equation 4 as
follows:
E = 2p Vs 2 (1 + v)

Eq.3

E = 2p[(1.13 − 0.16v) Vph ]2 (1 + v)

Eq.4

Or

where

E is the elastic modulus,
p is the mass density,

𝑣𝑣 is Poisson’s ratio,

𝑉𝑉𝑠𝑠 is the velocity of shear waves, and

Vph is the velocity of the surface waves.

With concrete, the density and the Poisson’s ratio was estimated with a high

degree of precision. The software on the PSPA estimated the density of the concrete
based on the visual assessment; Table 2.1. and Table 2.2. presents the estimated values of
the concrete density and Poisson’s ratio based on the visual quality of the concrete.
Table 2.1. Estimated value of the Poisson’s ratio of the concrete.
Concrete Quality

Poisson’s ratio

Cured

0.18

Fresh

0.20
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Table 2.2. Estimated value of the density of the concrete.
Concrete Quality

Density

Good

150 pcf

Poor

145 pcf

Concrete deck with an elastic modulus of 4,000 ksi or less is considered poor
(Icenogle & Kabir, 2013). Table 2.3. was used to rate the condition of the concrete deck
based on the PSPA seismic modulus.
Table 2.3. Rating condition table based on the PSPA elastic modulus of the concrete
bridge deck (Source: 2011, Russel W. Lenz, pavement design guide; typical values of
Young’s elastic modulus and Poisson’s ratio for pavement materials, Cornell Local
Roads Program).
Rating condition
Good
Fair
Poor
Serious deterioration

PSPA elastic modulus (ksi)
5,000 or more
4,000 to 5,000
3,000 to 4,000
3,000 or less

Calculating the Rayleigh wave velocity was straight forward, and the Poisson’s
ratio had a small effect on the value of the elastic modulus (Li et al., 2016). The previous
study used PSPA to assess the condition of a bridge deck and compared the data with the
core condition, and the removal of the deteriorated concert by hydro-demolition. The
lower values of the elastic modulus were consistent with the deteriorated concrete deck
that were removed by hydro-demolition. The values of the elastic modulus in deteriorated
areas were significantly lower than in the areas where the concrete was intact (Li et al.,
2016).
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Compressive strength is widely used to measure the quality of the
concrete in building structures. Accepting concrete structures on site depends on the
compressive strength of the concrete, and it can be measured by taking cylindrical or
cubic samples on the testing site after 7 or 21 days. The samples were tested by applying
a compressive axial load until failure. Compressive strength was calculated by dividing
the compressive axial force by the cross-section area of the sample as shown in Equation
5:
𝑓𝑓𝑐𝑐 =

𝐹𝐹

Eq.5

𝐴𝐴

where

𝑓𝑓𝑐𝑐 is the compressive strength of the concrete sample,
F is the compressive force, and

A is the cross-section area of the concrete sample.
The compressive strength, which was calculated based on the samples of
concrete, indicated the strength of the structure, but it assumed that the treatment of the
concrete structure on site was given the same treatment of the concrete samples that were
taken on site. The treatment, like good compaction, workability, and curing, might affect
this condition if fractures are present. Also, the samples were limited to small quantities
of the concrete.
(Yuan et al., 2002) conducted a laboratory correlation between the compressive
strength of the cylinder sample concrete and coring samples with elastic modulus, as
shown in Figure 2.12.

Compressive Strength, psi
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Elastic Modulus, ksi
Figure 2.12. Correlation of compressive strength of PCC cylinders to laboratory elastic
modulus (Yuan et al., 2002).
In addition, Patrick Icenogle and Md. Sharear Kabir 2013 completed a correlation
between the PSPA elastic modulus and the compressive strengths in the early stage of the

Compressive Strength, psi

concrete mix, as shown in Figure 2.13.

Elastic Modulus, ksi
Figure 2.13. A correlation between the PSPA elastic modulus, and the compressive
strength (Icenogle, & Icenogle, 2013).
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All laboratory test data were collected and correlated into one plot to generate an
equation to determine the average compressive strength of the concrete from the PSPA
elastic modulus, as shown in Figure 2.14.

Figure 2.14. Elastic modulus correlated with average compressive strength.

The following equation is average compressive strength based on the lab results:
𝑓𝑓𝑐𝑐 = 272.9𝐸𝐸 0.36

Eq.6

A concrete deck with average compressive strength of 2,000 psi or less was

considered poor.
Average compressive strength is a primary aspect required for building structures,
and it varies between structures based on the structural engineer and the required code. It
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varies between 5,000 to 6,000 psi, or higher in some structural elements; normally, the
samples are tested to measure the average compressive strength after 7 days of casting,
21 days, or sometimes 56 days according of the Building Code.
The American Concrete Institute (ACI), specified the minimum average
compressive strength of 2,500 psi for a concrete structure. A concrete deck with average
compressive strength of 2,500 psi or less is considered poor condition.
Table 2.4 shows the minimum requirement of the average compressive strength
by the type of concrete structure ( International Code Council, 2012).
Table 2.4. Specified average compressive strength by type of construction.
Type or location of concrete construction Specified average compressive strength, psi
Concrete fill

Below 2,000

Basement and foundation walls and slabs,
walks, patios, steps and stairs

2,500 – 3,500

Driveways, garage and industrial floor
slabs

3,000 – 4,000

Reinforced concrete beams, slabs,
columns and walls

3,000 –7,000

Precast and pre-stressed concrete

4,000 – 7,000

High-rise buildings (columns)

10,000 – 15,000

Note: For information purposes only; the plans and specifications give actual strength
requirements for any job under consideration ( International Code Council, 2012).
In addition, the ACI calculated the elastic modulus of the concrete (𝐸𝐸𝑐𝑐 ) from the

average compressive strength for normal weight concrete. 𝐸𝐸𝑐𝑐 is calculated by 57000

25
multiplied by the square root of the average compressive strength (ACI Committee 318,
2019), as follows:
𝐸𝐸𝑐𝑐 = 57000 �𝑓𝑓𝑐𝑐 in psi
𝐸𝐸

𝑐𝑐
�𝑓𝑓𝑐𝑐 = 57000

𝑓𝑓𝑐𝑐 =(

𝐸𝐸𝑐𝑐

Eq.7

)2

57000

𝑓𝑓𝑐𝑐 is the average compressive strength of the concrete.

Equation 7 was used to calculate the average compressive strength from the

PSPA elastic modulus.
Table 2.5. will be used to determine the rating condion of the concrete deck based
on the average compressive strength.
Table 2.5. Rating condition table based on the average compressive strength of the
concrete bridge deck.
Rating condition

Average compressive strength (psi)

Good

4,000 or more

Fair

3,000 to 4,000

Poor

2,000 to 3,000

Serious deterioration

2,000 or less

2.3. GROUND PENETRATING RADAR (GPR)
Since 2000, GPR has been used to assess the condition of concrete structures,
determine the pattern placement density of reinforcement steel bars, and estimate the
thickness of the concrete structures. The application is rapidly growing due to the
development of the GPR tool and the tremendous advance of the technology.
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GPR is a geophysical
method that uses radar pulses to image the subsurface of the structure. It uses radio waves
to propagate the ground, and then uses the receiver to detect the reflected signal from the
subsurface features. The GPR Antenna (Transmitter) sends electromagnetic waves to the
subsurface and at each subsurface feature, the waves travel at a velocity that depends on
the permittivity of the material and the electrical properties. Waves propagate through the
material, and some waves are reflected and detected by the receiving antenna (Daniels,
2000).
Electromagnetic waves
(EM) are the vibration between the electric field and magnetic field. They form when the
electric field contacts the magnetic field. The direction of the EM wave is perpendicular
to the electric and magnetic wave, as shown in Figure 2.15. In the case of GPR, the EM
was generated by passing a cycle of high frequency current to a coiled transmitter
antenna.

Figure 2.15. EM waves.
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EM is the heart of modern technology; it is used every day and everywhere, from
the fields of medicine to communication. This invention was made possible when James
Clark Maxwell (1865) derived a set of equations. Maxwell’s work yielded four equations
that describe the properties and the relationship of electric and magnetic fields. These
equations are expressed in Equations 8-11:
Gauss’ Law for static electric fields:
∇. Ê =

𝜌𝜌

Eq.8

𝜀𝜀0

Gauss’ Law for magnetic fields:
Eq.9

∇ . 𝐵𝐵 = 0

Faraday’s law for electric field from the change of magnetic field:
∇ ×Ê= −

𝜕𝜕𝜕𝜕

Eq.10

𝜕𝜕𝜕𝜕

Ampere-Maxwell law for magnetic field from the change of electric field:
∇ × 𝐵𝐵 = 𝜇𝜇0 𝑗𝑗 +
where

1

𝑐𝑐 2

𝜕𝜕Ê
𝜕𝜕𝜕𝜕

Ê is the electrical field,
ρ is the charge density,
ε0 is permittivity,

B is the magnetic flux density,
j is current density,
𝜇𝜇0 is permeability, and
c is the speed of light.

Eq.11
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With GPR, the GPR signal is attenuated as it propagates to the concrete, and
attenuation is a function of moisture content in the concrete. The moisture content
increases where the concrete is in poor condition, and moisture content is less where the
concrete is in good condition; therefore, the assumption is that the amplitude is a function
of the attenuation and also a function indicative of the condition of the concrete.
The material properties that respond to the EM are conductivity, permittivity, and
permeability. Conductivity is the characteristic property of passing the current through
the material. Permittivity is the ability of storing electrical energy when the electric field
is present. Permeability is a measure of the ability of the material to forming a magnetic
field.
Dielectric permittivity ɛ is the ability of the material to store and pass the energy

in the form of electricity. Dielectric permittivity at frequencies over 100 MHz depends
mostly on the water content of the material (Cassidy, 2009), and it plays an important
role in terms of interpretation of the GPR data as shown in Figure 2.16.

Figure 2.16. Velocity propagation through layers with contrasting permittivity and
permeability.
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The velocity of the waves that propagate the subsurface can be calculated as
follows:
𝑣𝑣 =
𝑣𝑣 =

1
√ɛ × µ

1

�ɛ0 ɛr × µ0 µ𝑟𝑟

Relative Permittivity ɛr =

ɛ

ɛ0

,

where ɛ0 is the permittivity of the air and equal 8.854 × 10−12 F/m.
Relative Magnetic Permeability µ𝑟𝑟 =

µ

µ0

,

Magnetic Permeability µ0 is 4π×10−7 H/m, and
µ for the concrete is negligible so µ𝑟𝑟 = 1
𝑣𝑣 =

𝑣𝑣 =
𝑣𝑣 =

1

�8.854 × 10−12 × ɛr × 4π × 10−7 × 1
299795637
C

√ɛr

Eq.12

√ɛr

C is the speed of light = 3×108 𝑚𝑚/𝑠𝑠𝑠𝑠𝑠𝑠

The velocity of the wavelet depends on the dielectric properties of the material
The velocity of the top layer is

C

√ɛ1

, and

C

√ɛ2

for the second layer.

For GPR tool and steel rebar, the signal traveled through the concrete, and was
reflected by the rebar; the GPR tool recorded the two-way travel time and the magnitude
of the reflected GPR pulses. As the GPR antenna moved toward an individual piece of
reinforcing steel, the two-way travel time of the reflection from the piece of reinforcing
steel decreased, because the signal travel distance decreased. Shorter travel time occurred
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when the GPR antenna was perpendicular to the piece of reinforcing steel. Then, as the
GPR antenna moved away from the piece of reinforcing steel, the recorded two-way
travel time was longer and longer, and as a result, the rebar appeared in the GPR data as
small hyperbolas, as shown in Figure 2.17.

Air
Bridge deck surface
Concrete cover

Steel rebar
Bridge deck bottom

Figure 2.17. GPR data shows the hyperbolic reflection from steel rebar.
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3. CONCRETE BRIDGE DECK DETERIORATION

One of the biggest challenges in any structure is the service durability and making
sure the structure is safe to the public. Concrete bridge deck degrades over time and loses
its integrity for many reasons.
Concrete bridge deck deteriorates and loses its integrity over time because of poor
initial quality, damage due to de-icing salts, overloading, freeze-thaw cycle-induced
stresses, fatigue, and, above all, corrosion of rebars. This deterioration is more frequent in
areas where roadways are exposed to freezing temperatures and snowfall, sleet, and other
freezing precipitation, and are, therefore, subjected to de-icing chemicals.
Many factors that contribute to this deterioration. The following are causes of
corrosion in concrete.

3.1. ALKALI-SILICA REACTION
The Alkali-Silica Reaction is a reaction between reactive silica stages in
aggregates and alkali hydroxides in the concrete solution (cement). It produces a gel
(silica gel) that swells in the presence of water causing internal and external cracking and
hence, a decrease in structural safety as shown in Figure 3.1.

3.2. SPALLING
The separation of the concrete cover or the surface of the concrete at various
depths is called spalling. It is normally associated with the cracking of the concrete deck
but does not occur at all types of cracks as shown in Figure 3.2. However, spalling does
not invariably occur at all cracks.
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Figure 3.1. Typical damage in concrete deck caused by the alkali-silica-reaction.
(www.poraver.com)

Figure 3.2. Concrete spalling at August A. Busch bridge deck MDC.
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3.3. CORROSION OF REBARS
The main function of the concrete is to provide protection from environmental
effects, but if the concrete cover, which is the depth of the concrete from the surface to
the first layer of the steel bars, is not deep enough or there are cracks and spalling in the
concrete cover, the steel bar will be exposed to environmental effects such as ice, rain,
and chemicals. As a result, the steel bars will be corroded, as shown in Figure 3.3.
Corrosion of steel surrounded by concrete is an electro-chemical process (ACI
Committee 222, 2001).

Figure 3.3. Corrosion process caused by cracking and spalling of the concrete cover.
This process occurs when there is a separation of negatively charged steel bars
where corrosion occurs and positively charged bars where a harmless charge balancing
reaction occurs. At the anode, the iron dissolves and then reacts to form the solid
corrosion product, rust. The rust is formed at the metal/oxide interface, forcing previously
formed oxide away from the steel and compressing the concrete, causing it to spall, as
shown in Figure 3.4 and Figure 3.5.
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Figure 3.4. Anodic and cathodic reaction (Corrosion - Chemistry LibreTexts, n.d.)
Since the steel bars are bonded into the concrete, monitoring the corrosion in the
early stage is very critical in terms of the integrity of the bridge and is cost effective for
maintenance. See Figure 3.6.

Figure 3.5. Corrosion-induced delamination (Krauss, et al., 1996).

35

Figure 3.6. Rusting rebars are exposed under the bridge deck where some of the concrete
has spalled off (The Historic Devil's Elbow Bridge Is In Need Of Repair, n.d.).

3.4. SCALING
The concrete is a mix of four components: cement, water, aggregate, and sand.
These components are mixed proportionally. The lack of the cement paste in concrete
mix exposes the aggregate particles. Scaling occurs due to frosting when ice crystals form
in the capillaries and pores of the concrete (Ohga et al., 2008). Water in the cement paste
is a weak alkali solution, and as the alkali content in the frozen portion increases it
creates an osmotic pressure. This pressure causes water to migrate from unfrozen pores to
frozen cavities (TRB, 1979). This problem can be addressed with air voids into which the
alkali solution flows, reducing the osmotic pressure in the capillaries (TRB, 1979). These
voids, however, are counterproductive because they also provide space to hold solution of
de-icing salt (Varnavina, et al., 2015).
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4. CONCRETE BRIDGE DECKS

A bridge deck is the surface of the bridge that provides a structural element for
overpass traffic. It is a structural element of the superstructure, and it can be built of
concrete, steel, open grating, or wood. The primary function of a bridge deck is carrying
loads from overpass traffic (compression or tension) over to the columns to the
foundation. The deck also supports the span of the bridge.
Types of bridge deck systems can include the following:
•

Concrete deck systems.

•

Metal deck systems.

•

Timber deck systems.

•

Fiber-Reinforced Polymer (FRP) deck systems.

In this section, only concrete bridge deck systems are addressed

4.1. MONTAUK BRIDGE DECK
The bridge is located at Montauk Conservation Area,
about 20 miles southwest of Salem, Missouri (Figure 4.1). The bridge was built in 1954
and is owned by the Missouri Department of Conservation. The deck has a reinforced
concrete slab of about 9 inches thick and measures 12 feet wide by 18 feet long. There
are no design plans for the bridge and no documents about maintenance of the bridge.
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Montauk bridge

(a)

Montauk bridge

(b)

Figure 4.1. Map shows the location of Montauk bridge.
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Visual inspection was performed on both the top of the
bridge deck and the bottom of the bridge deck. Loose of concrete surface were recorded
and marked on the bridge plan on most of the deck area. Grooves about 2-3 inches deep
were in a different location on the bridge deck (Figure 4.4), and exposed steel bars were
found in another location, showing evidence of corrosion (Figure 4.5). The visual data
was used to create a map of the defects to compare it with the PSPA data and the GPR
data (Figure 4.2).

Figure 4.2. Detail map shows the type of the deterioration and its location on the bridge
deck. (Visual inspection map was generated to show the types and locations of the
defects at the time of the inspection)
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Most of the bridge deck shows a significant loss of concrete surface, as shown in Figure
4.3.

Figure 4.3. Visual evidence of loss of concrete surface.
Deep grooves

Figure 4.4. Visual evidence shows deep grooves. (Grooves about 3 inches deep cover
over half of the bridge deck area)
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Exposed Steel

Figure 4.5. Visual evidence shows the exposed reinforcement steel bar. (In the picture is
a corroded steel bars on the girder.)
PSPA data were acquired at
Montauk bridge deck to generate contour maps of the elastic modulus (Figure 4.8).
4.1.3.1. PSPA data acquisition. PSPA data were acquired on the Montauk bridge
deck using a spacing of 4 inches between the near receiver and the source, and 10 inches
between the far receiver to the source to image the entire thickness of the bridge deck as
shown in Figure 4.6.
Field scans were acquired based on point loading. Dense grid was used to provide
high resolution data. A total of 88 stations or stations was tested, and at least 3 repeated
samples were taken at each station. The distance between each station was 2 feet in the
longitudinal direction and 1 foot in the short direction, as shown in Figure 4.7.
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Figure 4.6. Spacing inputs into the SPA-Manager software. (Screenshot of the spacing
measurements between the source and the two sensors on SpaManager software)

Figure 4.7. PSPA stations location on Montauk bridge deck. layout of the location of the
PSPA tests (11 lines total with 8 Stations per Line), total of 88 Stations.
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Figure 4.8. PSPA data acquisition on the bridge deck. Acquiring PSPA at Montauk
bridge.
Due to the irregular nature of the bridge deck at some locations, the source and
the receivers were not coupled to the bridge deck surface. Some of the collected data
were rejected, as shown in Figure 4.9 and Figure 4.10.

Figure 4.9. Example of bad data. Average elastic modulus 350 ksi.
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Figure 4.10. Example of good data. Average elastic modulus 2810 ksi.
4.1.3.2. PSPA data processing. After collecting the data using the PSPA, the
PSP software stored the data into the project folder. The next step was extracting the
results of each test point using two pieces of software. The first was Microsoft excel to
extract the data (Figure 4.11), then manually assign the location coordinates at each point.
Excel was also used to convert the units of depth from meter to inches and to convert the
elastic modulus from MPa to ksi.

Figure 4.11. Exporting the PSPA data to Microsoft excel.
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Two different software were used to generate maps of elastic modulus and
compressive strength of the bridge deck: Voxler software and Surfer software.
•

Voxler software: Voxler software was used to generate a three-dimensional (3D)
map of the elastic modulus and the average compressive strength of the bridge
deck. Voxler software is a three-dimensional scientific visualization program used
for volumetric rendering and three-dimensional data display. The following steps
were used to generate the 3D map:

1- Imported the PSPA data from the Excel sheet and assigned each point location
(width X, length Y, and depth Z) to PSPA Modulus C (as seen in Figure 4.12).
2- Generated the grid between point locations (width X, length Y, depth Z) and the
PSPA Modulus.
3- Added a volume rendering and chose “Trilinear” as the interpolation method.
The trilinear method was used to interpolate several lattice nodes values around each
PSPA test point to generate a smooth gradation, as shown in Figure 4.13.

Figure 4.12. Grinding process using Voxler software.
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Figure 4.13. Data interpolation using trilinear method.
Next, the 3D map was generated. The map shows the elastic modulus of the
bridge deck as shown in Figure 4.14. Also, a 3D map was generated showing the average
compressive strength of the bridge deck, as shown in Figure 4.15.

Figure 4.14. 3D map of elastic modulus of Montauk bridge deck.
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Figure 4.15. 3D map of the average compressive strength of Montauk bridge deck.
•

Surfer software: Surfer was used to generate a 2D map of the elastic modulus and
compressive strength of the bridge deck, as shown in Figure 4.16.

Figure 4.16. Screenshot of Surfer software.
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The grid generated in the Surfer software utilized the Kriging method, a
geostatistical gridding method that has proven useful and popular in many fields. This
method produces visually appealing maps from irregularly spaced data. The Kriging
method attempts to express trends suggested in the data, so that, for example, high points
might be connected along a ridge rather than isolated by bullseye-type contours.
Assuming the concrete deck is homogenous and has normal distribution and the data is
stationary, the linear Kriging was selected in all grids, as shown in Figure 4.17.

Figure 4.17. Generating the grid on Surfer software.
Two-dimensional mapping of the PSPA data was generated with the following
summary:
2D Maps at various depth as a function of (width, length, and elastic modulus) (Figure
4.18 to Figure 4.23).
2D Map at various depth as a function of (width, length, and average compressive
strength) (Figure 4.24 to Figure 4.29).
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Bridge Deck Condition at 2 inches Deep
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Figure 4.18. 2D map of the seismic modulus at depth of 2 inches.

Bridge Deck Condition at 3 Inches Deep
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Figure 4.19. 2D map of the seismic modulus at depth of 3 inches.
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Bridge Deck Condition at 4 Inches Deep
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Figure 4.20. 2D map of the seismic modulus at depth of 4 inches.

Bridge Deck Condition at 5 Inches Deep
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Figure 4.21. 2D map of the seismic modulus at depth of 5 inches.
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Bridge Deck Condition at 6 Inches
Deep
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Figure 4.22. 2D map of the seismic modulus at depth of 6 inches.

Bridge Deck Condition at 7 Inches
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Figure 4.23. 2D map of the seismic modulus at depth of 7 inches.

Good
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Figure 4.24. 2D map of the average compressive strength at depth of 2 inches.

Figure 4.25. 2D map of the average compressive strength at depth of 3 inches.
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Figure 4.26. 2D map of the average compressive strength at depth of 4 inches.

Figure 4.27. 2D map of the average compressive strength at depth of 5 inches.
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Figure 4.28. 2D map of the average compressive strength at depth of 6 inches.

Figure 4.29. 2D map of the average compressive strength at depth of 7 inches.
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To obtain more details about the condition of the bridge deck, 2D maps were
generated at the transverse direction (perpendicular to bridge traffic) (Figure 4.31 to
Figure 4.38). Figure 4.30 shows the location of cross-section on the bridge.

Figure 4.30. Location of the 2D map at transverse direction on the bridge.
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Figure 4.31. 2D map of the elastic modulus at transverse direction (Section T1-T1).

Figure 4.32. 2D map of the elastic modulus at transverse direction (Section T2-T2).

Figure 4.33. 2D map of the elastic modulus at transverse direction (Section T3-T3).
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Figure 4.34. 2D map of the elastic modulus at transverse direction (Section T4-T4).

Figure 4.35. 2D map of the elastic modulus at transverse direction (Section T5-T5).

Figure 4.36. 2D map of the elastic modulus at transverse direction (Section T6-T6).
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Figure 4.37. 2D map of the elastic modulus at transverse direction (Section T7-T7).

Figure 4.38. 2D map of the elastic modulus at transverse direction (Section T8-T8).
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To obtain more details about the condition of the bridge deck, 2D maps were
generated at the longitudinal direction (same direction of the bridge traffic). Figure 4.39
shows the location of longitudinal cross-section on the bridge.

Figure 4.39. Location of the 2D map at longitudinal direction on the bridge.

Figure 4.40 to Figure 4.50 shows 2D maps of the elastic modulus at longitudinal
direction cross section.
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Figure 4.40. 2D map of the elastic modulus at longitudinal direction (Section L1-L1).

Figure 4.41. 2D map of the elastic modulus at longitudinal direction (Section L2-L2).

Figure 4.42. 2D map of the elastic modulus at longitudinal direction (Section L3-L3).
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Figure 4.43. 2D map of the elastic modulus at longitudinal direction (Section L4-L4).

Figure 4.44. 2D map of the elastic modulus at longitudinal direction (Section L5-L5).

Figure 4.45. 2D map of the elastic modulus at longitudinal direction (Section L6-L6).
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Figure 4.46. 2D map of the elastic modulus at longitudinal direction (Section L7-L7).

Figure 4.47. 2D map of the elastic modulus at longitudinal direction (Section L8-L8).

Figure 4.48. 2D map of the elastic modulus at longitudinal direction (Section L9-L9).
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Figure 4.49. 2D map of the elastic modulus at longitudinal direction (Section L10-L10).

Figure 4.50. 2D map of the elastic modulus at longitudinal direction (Section L11-L11).
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4.1.3.3. PSPA data interpretation. The interpretation of the data was based on
the 2D maps and 3D maps of the values of elastic modulus and the average compressive
strength of the concrete.
The GPR data were used to measure
the variations in the amplitude that is reflected of each reinforcement steel bar, the
variations in the apparent embedment depth of each reinforcement steel bar, and to
generate a map that shows how the amplitude varies across the bridge deck.
4.1.4.1. Data acquisition. The target of this study was to determine the condition
of the main reinforcements. Assuming that the top rebar is the main reinforcement
(transverse direction), GPR data were collected perpendicular to the top rebar, and then
data was collected in the longitudinal direction (the same direction as the traffic flow). To
confirm the main reinforcement is in the short direction, initial scanning was acquired in
both directions, and the scan found that the top rebar is perpendicular to the direction of
the traffic.
Starting from the north east corner of the bridge and one foot from the edge, 11 data files
were collected in 11 lines, in the same direction as the traffic flow with 1 ft. spacing
between each line Figure 4.51.
GPR data were gathered using the Georadar SIR -3000 System. Table 4.1
contains the parameters that were used to acquire the GPR data.
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Figure 4.51. GPR layout.

Table 4.1 Data parameters for the GPR tool
SYSTEM
ANTENNAS
DISPLAY
DISPLAY MODES
DATA ACQUISITION
DATA FORMAT
SCAN RATE
NUMBER OF
SAMPLES PER SCAN
OPERATING MODES
OPERATING
TEMPERATURE
TRANSMIT RATE

1.5 GHz
Enhanced 8.4: TFT, 800x600 resolution, 64K colors
Linescan, O-scope, 3D
RADAN® (dzt)
scans/sec at 512 samples
512
survey wheel
32°C
Up to 100 KHz
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A 1.5 GHz ground-coupled antenna was used to image the entirety of the bridge
deck. A lower-frequency antenna will result in data with poor resolution. Parallel profiles
for the antenna were marked with colored chalk on the deck surface. The profiles were
oriented in the same direction as the traffic flow.
4.1.4.2. Data processing. The GPR data were acquired and processed using
Radan software. The following steps were preformed:
•

Time zero: this step was used to eliminate the distance between the
antenna and the surface of the bridge. This step set the first reflection
event to zero and accurately estimated the thickness of the bridge deck.

•

Background filter: this step was used to remove any horizontal noise from
many different sources (for example, noise from far distances), or the
noise coming from pushing the GPR cart.

The condition of the bridge deck was a function of the moisture content. The
more moisture content in the concrete, the more conductivity. Additionally, the dielectric
permittivity increased. As the signal attenuated more rapidly, moisture conductivity
increased, and amplitude of the reflection decreased. As shown in Figure 4.52, low
amplitude were located in most of the bridge deck. Figure 4.53 shows a 2D map of the
apparent rebar depth which is the concrete cover.
After comparing the 2D map of the amplitude with the 2D map of the average
compressive strength, the rating condition of the GPR amplitude was based on the
average compressive strength 2D map of the bridge deck. Table 4.2. is the rating scale of
the concrete deck based on the magnitude value of the amplitude.
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Table 4.2. GPR amplitude range rating condition scale
Concrete condition

Amplitude range (dB)

Good

28-32

Fair

24-28

Bad

20-24

Serious

16-20

Figure 4.52. Amplitude reflection (dB) of Montauk bridge deck.
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Figure 4.53. 2D map of apparent embedment rebar depth (in).
The apparent embedment rebar depth represented the condition of the
reinforcement bar. The apparent depth was a function of two criteria: the actual
embedment depth, which can vary for older bridges, and the condition of the bridge deck.
The reinforcing steel in the area where the bridge deck is corroded appeared to be
embedded at greater depths because the dialectic permeability will be higher and the

68
velocity will be lower, assuming all the reinforcing steel was placed at the same depth.
The lower the depth, the higher the dialectic permeability and the lower the velocity. As a
result, the apparent embedment depth increased where the concrete is in bad condition,
and the apparent embedment depth decreased where the concrete is in good condition.
The GPR amplitude data was not normalized because the results were reliable enough.
4.1.4.3. Data interpretation processing. Based on the GPR profile of the bridge,
a detailed cross-section and placement details of the steel bars of the bridge deck were
generated, as shown in Figure 4.54.

Bridge deck surface
Concrete cover

Bridge deck bottom

Figure 4.54. GPR profile to detail the bridge deck of Montauk bridge deck
Figure 4.55 is the cross-section of the bridge deck from the GPR data profile. The
placement details of the steel bars of the bridge deck were also generated from the GPR
data profile (Figure 4.56).

Figure 4.55. GPR data profile interpretation.
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Figure 4.56. Reinforcement steel bars of Montauk bridge deck.
Figure 4.57 is the bridge deck cross-section at transverse direction, and Figure
4.58 is the bridge deck cross-section at longitudinal direction

Figure 4.57. Montauk bridge deck transverse cross-section.

Figure 4.58. Montauk bridge deck longitudinal cross-section.

4.1.4.4. Integrated interpretation. This section includes a comparison between
the 2D maps of PSPA elastic modulus, GPR amplitude, GPR rebar depth, average
compressive strength, and visual inspection; the determination of the consistencies and
inconsistencies in the interpretation; and, finally, generated maps showing concrete
thickness, along with the details of the steel reinforcement.
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Figure 4.59 shows a comparison between a visual inspection map versus the
actual photo of the bridge deck.

North

Figure 4.59. Visual inspection vs. actual photo of the bridge deck.

Figure 4.60 is a side-by-side comparison between a 2D map of the PSPA elastic
modulus and a 2D map of GPR amplitude reflection. The figure shows consistency where
the area of the bridge deck is deteriorated.
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Figure 4.60. PSPA elastic modulus vs GPR amplitude of the bridge deck.

Figure 4.61 is a side-by-side comparison between a 2D map of the PSPA elastic
modulus and a 2D map of GPR amplitude reflection. The average compressive strength
of the bridge deck on the left side correlated very well with the 2D map of the GPR
amplitude. The area of low average compressive strength correlated with the area of low
GPR amplitude.
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Figure 4.61 Average compressive strength Vs GPR amplitude of the bridge deck.

Figure 4.62 is a side-by-side comparison between a 2D map of the PSPA elastic
modulus and a 2D map of the GPR apparent rebar depth.
Based on PSPA data, a 3D map was generated of low average compressive
strength (below 2000 psi) using Voxler software, as shown in Figure 4.63.
Another map was generated for the area of good-quality concrete, (average
compressive strength of 2000 psi or more), as shown in Figure 4.64.
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Figure 4.62. PSPA elastic modulus vs. GPR rebar depth.

According to the American Concrete Institute, average compressive strength less
than 2500 psi is considered poor-quality concrete. Figure 4.63. shows the area containing
poor-quality concrete. Figure 4.64 shows the area of good-quality (average compressive
strength is more than 2500 psi). Only about 25% of the bridge deck contains good-quality
concrete.
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The GPR data suggests that the upper mat of the reinforcement steel bars may be
corroded, which is consistent with the visual inspection on the exposed corroded steel
bars.

Figure 4.63. 3D map of area of low-quality concrete.

Figure 4.64. 3D map of area of good-quality concrete.
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4.2. AUGUST A. BUSCH BRIDGE DECK
The bridge is located at August A. Busch Conservation
Area, about 30 miles west of St. Louis, Missouri (Figure 4.66). The bridge was built in
2008 and is owned by the Missouri Department of Conservation. The deck is comprised
of a reinforced concrete slab about 9 inches thick, and measures 14 feet wide by 36 feet
long. The bridge provides access to lake 33 (Figure 4.65).

August A. Busch Bridge

Figure 4.65. Map shows the location of the bridge on the map generated by the Missouri
Department of Conservation.
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August A. Busch bridge

(a)

August A. Busch bridge

(b)

Figure 4.66. Map shows the location of August A. Busch bridge.
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Visual inspection was performed on both the top and
bottom of the bridge deck. Small grooves (less than ½ inch deep) were located the middle
of the bridge and on the side of the bridge deck (Figure 4.69). The visual data was used to
create a map of the defects for comparison with the PSPA data and the GPR data (Figure
4.67). The bottom of the bridge deck shows no sign of deterioration (Figure 4.70).

Figure 4.67. Detail map shows the type of the deterioration and its location on the bridge
deck. (Visual inspection map was generated to show the types and locations of the
defects at the time of the inspection)

Wall spalling

Figure 4.68. Visual evidence shows concrete cover spalling on the wall. Spalling in the
concrete cover of the side wall.
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Figure 4.69. Visual inspection of the bridge deck. (The top of bridge deck shows no sign
of defects or deterioration)

Figure 4.70. Visual inspection of the bridge deck. (The bottom of bridge deck shows no
sign of defects or deterioration)
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PSPA data were acquired at
August A. Busch bridge deck to generate contour maps of the elastic modulus (Figure
4.73).
4.2.3.1. PSPA data acquisition. PSPA data were acquired on the August A.
Busch bridge deck using a spacing of 4 inches between the near receiver and the source,
and 10 inches between the far receiver to the source to image the entire thickness of
bridge deck.

Figure 4.71. Spacing inputs into the SpaManager software. (Screenshot of the spacing
measurements between the source and the two sensors on SpaManager software)
Field scans were acquired based on point loading. Dense grid was used to provide
high resolution data. A total of 40 stations were tested, and at least three repeated samples
were taken at each station. The distance between each station was 4 feet in the
longitudinal direction and 2 feet in the transverse direction, as shown in Figure 4.72.
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Figure 4.72. PSPA points location on August A. Busch bridge deck. layout of the location
of the PSPA tests (5 lines total with 8 Stations per Line), total of 40 station.

Figure 4.73. PSPA data acquisition on the bridge deck. (Acquiring PSPA at August A.
Busch bridge deck)
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Due to the irregular nature of the bridge deck in certain locations, the source and
the receivers were not coupled to the bridge deck surface. Some of the collected data
were rejected, as shown in Figure 4.74 and Figure 4.75.

Figure 4.74. Example of bad data. (Average elastic modulus 350 ksi)

Figure 4.75. Example of good data. (Average elastic modulus 2810 ksi)
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4.2.3.2. PSPA data processing. After collecting the PSPA data, the software
stored the data into the project folder. The next step was extracting the results of each test
point using two different types of software. Microsoft excel was used to extract the data
(Figure 4.76), then to manually assign the location coordinates at each point. Next, the
units of depth were converted from meters to inches and the elastic modulus was
converted from MPa to ksi. Grinding and trilinear method were used to interpolate the
data as shown in Figure 4.76 and Figure 4.77.

Figure 4.76. Exporting the PSPA data to Microsoft excel.

Figure 4.77 Grinding process using Voxler software.
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Figure 4.78 Data interpolation using trilinear method.

Next, a 3D map was generated showing the elastic modulus of the bridge deck
(Figure 4.79). Another 3D map was generated showing the average compressive strength
of the bridge deck (Figure 4.80).

Figure 4.79. 3D map of elastic modulus of August A. Busch bridge deck.
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Figure 4.80. 3D map of the average compressive strength of August A. Busch bridge
deck.
Surfer software: Surfer was used to generate a 2D map of the elastic modulus and
compressive strength of the bridge deck, as shown in Figure 4.81.

Figure 4.81. Screenshot of Surfer software.
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The grid was generated in the Surfer software using the kriging method, a
geostatistical gridding method that has proven useful and popular in many fields. This
method produces visually appealing maps from irregularly spaced data. Kriging attempts
to express trends suggested in the data, so that, for example, high points might be
connected along a ridge rather than isolated by bullseye-type contours. Assuming the
concrete deck is homogenous and has normal distribution, and the data is stationary the
linear, kriging was selected in all grids (Figure 4.82).

Figure 4.82 Generating the grid on Surfer software.
Two dimensions (2D) mapping of the PSPA date was generated between the following:
1- 2D Map at various depth (Figure 4.83 to Figure 4.91): Contour map as a function
of (width, length, and elastic modulus).
2- 2D Map at various depth (Figure 4.92 to Figure 4.100): Contour map as a function
of (width, length, and average compressive strength).
3- 2D map at transverse direction (Figure 4.102 to Figure 4.109): Contour map as a
function of (width, depth, and elastic modulus).
4- 2D map at longitudinal direction (Figure 4.111 to Figure 4.115): Contour map as
a function of (length, depth, and elastic modulus).
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Figure 4.83. 2D map of the seismic modulus at depth of 3 inches.
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Figure 4.84. 2D map of the seismic modulus at depth of 4 inches.
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Bridge Deck Condition at 5 inches Deep
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Figure 4.85. 2D map of the seismic modulus at depth of 5 inches.
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Figure 4.86. 2D map of the seismic modulus at depth of 6 inches.
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Bridge Deck Condition at 7 inches Deep

4%
10%

86%
Serious

Poor

Fair

Good

Figure 4.87. 2D map of the seismic modulus at depth of 7 inches.
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Figure 4.88. 2D map of the seismic modulus at depth of 8 inches.
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Bridge Deck Condition at 9 inches Deep
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Figure 4.89. 2D map of the seismic modulus at depth of 9 inches.
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Figure 4.90. 2D map of the seismic modulus at depth of 10 inches.
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Bridge Deck Condition at 11 inches Deep
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Figure 4.91. 2D map of the seismic modulus at depth of 11 inches.

Figure 4.92. 2D map of the average compressive strength at depth of 3 inches.
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Figure 4.93. 2D map of the average compressive strength at depth of 4 inches.

Figure 4.94. 2D map of the average compressive strength at depth of 5 inches.
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Figure 4.95. 2D map of the average compressive strength at depth of 6 inches.

Figure 4.96. 2D map of the average compressive strength at depth of 7 inches.
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Figure 4.97. 2D map of the average compressive strength at depth of 8 inches.

Figure 4.98. 2D map of the average compressive strength at depth of 9 inches.
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Figure 4.99. 2D map of the average compressive strength at depth of 10 inches.

Figure 4.100. 2D map of the average compressive strength at depth of 11 inches.
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To get more details about the condition of the bridge deck, 2D maps were
generated at the transverse direction (perpendicular to bridge traffic). Figure 4.101 layout
shows the location of cross-section on the bridge.

Figure 4.101. Location of the 2D map at transverse direction on the bridge.
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Figure 4.102. 2D map of the elastic modulus at transverse direction (Section T1-T1).

Figure 4.103. 2D map of the elastic modulus at transverse direction (Section T2-T2).

Figure 4.104. 2D map of the elastic modulus at transverse direction (Section T3-T3).
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Figure 4.105. 2D map of the elastic modulus at transverse direction (Section T4-T4).

Figure 4.106. 2D map of the elastic modulus at transverse direction (Section T5-T5).

Figure 4.107. 2D map of the elastic modulus at transverse direction (Section T6-T6).
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Figure 4.108. 2D map of the elastic modulus at transverse direction (Section T7-T7).

Figure 4.109. 2D map of the elastic modulus at transverse direction (Section T8-T8).
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To get more details about the condition of the bridge deck, 2D maps were
generated at the longitudinal direction (same direction of the bridge traffic). Figure 4.110
layout shows the location of longitudinal cross-section on the bridge.

Figure 4.110. Location of the 2D map at longitudinal direction on the bridge.
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Figure 4.111. 2D map of the elastic modulus at longitudinal direction (Section L1-L1).

Figure 4.112. 2D map of the elastic modulus at longitudinal direction (Section L2-L2).

Figure 4.113. 2D map of the elastic modulus at longitudinal direction (Section L3-L3).
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Figure 4.114. 2D map of the elastic modulus at longitudinal direction (Section L4-L4).

Figure 4.115. 2D map of the elastic modulus at longitudinal direction (Section L5-L5).
4.2.3.3. PSPA data interpretation. The interpretation of the data was based on
the 2D maps and 3D maps of the values of elastic modulus and the average compressive
strength of the concrete.
The GPR data were used to measure
the variations in the amplitude reflected of each reinforcement steel bar; to measure the
variations in the embedment depth of each reinforcement steel bar; and to generate a map
showing amplitude variation across the bridge deck.
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4.2.4.1. Data acquisition. The target of this study was to determine the condition
of the main reinforcements. Assuming that the top rebar is the main reinforcement
(transverse direction), GPR data were collected perpendicular to the top rebar, and in the
longitudinal direction (the same direction as the traffic flow). To confirm the main
reinforcement was in the short direction, initial scanning was acquired in both directions,
and the scan found that the top rebar is perpendicular to the direction of the traffic.
Starting from the north east corner of the bridge and one foot from the edge, 11
data files were collected in 11 lines, in the same direction as the traffic flow, with 1 ft.
spacing between each line.

Figure 4.116. GPR layout.
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GPR data were gathered using the Georadar SIR-3000 System. Table 4.3.
contains the parameters that were used to acquire the GPR data:

Table 4.3. Data parameters for the GPR tool
SYSTEM
ANTENNAS
DISPLAY
DISPLAY MODES
DATA ACQUISITION
DATA FORMAT
SCAN RATE
NUMBER OF
SAMPLES PER SCAN
OPERATING MODES
OPERATING
TEMPERATURE
TRANSMIT RATE

1.5 GHz
Enhanced 8.4: TFT, 800x600 resolution, 64K colors
Linescan, O-scope, 3D
RADAN® (dzt)
scans/sec at 512 samples
512
survey wheel
32°C
Up to 100 KHz

A 1.5 GHz ground coupled antenna was used to image the entirety of the bridge
deck. A lower-frequency antenna will result in data with poor resolution. Parallel profiles
were marked with colored chalk on the deck surface. The profiles were oriented in the
same direction as the traffic flow.
4.2.4.2. Data processing. The GPR data were acquired and processed using
Radan software. The following steps were performed:
•

Time zero: this step was used to eliminate the distance between the
antenna and the surface of the bridge. This step set the first reflection
event to zero and accurately estimated the thickness of the bridge deck.
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•

Background filter: this step was used to remove any horizontal noise from
various sources (for example, noise from far distances), or the noise
resulting from pushing the GPR cart.

The condition of the bridge deck was a function of the moisture content. The
more moisture content in the concrete, the more conductivity. Additionally, the dielectric
permittivity increased. As the signal attenuated more rapidly, moisture conductivity
increased and the amplitude of the reflection decreased. As shown in Figure 4.117, high
amplitude was located in most of the bridge deck. Figure 4.118 shows a 2D map of the
apparent rebar depth which is the concrete cover.
After comparing the 2D map of the amplitude with the 2D map of the average
compressive strength, Table 4.4. shows the rating scale of the concrete deck based on the
magnitude value of the amplitude.

Table 4.4 GPR amplitude range rating condition scale
Concrete condition

Amplitude range (dB)

Good

29-32

Fair

25-29

Bad

23-25

Serious

19-23
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Figure 4.117. Amplitude reflection (dB) of August A. Busch bridge deck.
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Figure 4.118. 2D map of apparent embedment rebar depth (in)
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The apparent embedment rebar depth can represent the condition of the
reinforcement bar. The apparent depth is a function of two criteria: the actual embedment
depth, which can vary for older bridges, and of the condition of the bridge deck. The
reinforcing steel in the area where the bridge deck was corroded appeared to be
embedded at greater depths because the dialectic permeability was higher and the
velocity was lower, assuming all of the reinforcing steel was placed at the same depth.
The lower the depth, the higher the dialectic permeability and the lower the velocity. As a
result, the apparent embedment depth increased where the concrete was bad condition,
and the apparent embedment depth decreased where the concrete was in good condition.
The GPR amplitude data was not normalized because the results reliable enough.
4.2.4.3. Data Interpretation. Based on the GPR profile of the bridge, a detailed
cross-section and the placement details of the steel bars of the bridge deck were
generated, as shown in Figure 4.119.
Figure 4.120 shows the cross-section of the bridge deck from the GPR data
profile. The placement details of the steel bars of the bridge deck were also generated
from the GPR data profile.
Figure 4.121 shows the detailed placement of reinforcement steel bars, generated
from the GPR data, then the software AutoCAD was used to generate an actual location
of the steel bars.
Figure 4.122 shows the cross-section at transverse direction.
Figure 4.123 shows the cross-section at longitudinal direction.
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Figure 4.119. GPR profile to detail the bridge deck of August A. Busch bridge deck.

Figure 4.120. GPR data profile interpretation.
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Figure 4.121. Reinforcement steel bars details of August A. Buch bridge deck.
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Figure 4.122. August A. Busch bridge deck transverse cross-section.

Figure 4.123. August A. Busch bridge deck longitudinal cross-section.

This section includes a comparison between the
2D maps of PSPA elastic modulus, GPR amplitude, GPR rebar depth, average
compressive strength, and visual inspection; the determination of the consistencies and
inconsistencies in the interpretation; and, finally, generated maps showing concrete
thickness, along with the details of the steel reinforcement.
Figure 4.124 shows a comparison between a visual inspection map versus the
actual photo of the bridge deck.
Figure 4.125 is a side-by-side comparison between the 2D map of the average
compressive strength and the 2D map of GPR amplitude reflection. The figure shows
consistency where the area of the bridge deck was expected to be deteriorated. It is also
very consistent where the concrete was expected to be in a good shape.
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North

Figure 4.124. Visual inspection vs. actual photo of the bridge deck.
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Figure 4.125. Compressive strength vs. GPR amplitude of the bridge deck.

Figure 4.126 is a side-by-side comparison between a 2D map of the GPR apparent
steel bar depth and a 2D map of visual inspection.
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Figure 4.126. Rebar depth vs. GPR visual inspection of the bridge deck.
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Based on PSPA data, a 3D map was generated of low average compressive
strength (below 2000 psi) using Voxler software (Figure 4.127).
Another map was generated for the area of the good-quality concrete (average
compressive strength of 2000 psi or more), as shown in Figure 4.128.
According to the American Concrete Institute, average compressive strength less
than 2000 psi is considered poor-quality concrete. Figure 4.127 shows the area containing
poor-quality concrete. Over 94 % of the bridge deck was good-quality concrete (average
compressive strength is more than 2500 psi),
Superimposed map between the actual photo of the bridge and the condition of
the bridge as shown in Figure 4.129.

Figure 4.127. 3D map of area of low-quality concrete.
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Figure 4.128. 3D map of area of good-quality concrete.

Figure 4.129. Actual photo of the bridge superimposed with rating condition.
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5. CONCLUSIONS AND RECOMMENDATIONS

Bridge deck condition assessment were conducted at two locations using portable
seismic pavement analysis (PSPA) and ground penetrating radar (GPR) tools, along with
visual inspection. The locations of the bridges studied were Montauk Conservation Area
(about 20 miles southwest of Salem, Missouri), and August A. Busch Conservation Area
(about 30 miles west of St. Louis, Missouri).
Based on the visual inspection, the Montauk Bridge deck were degraded in most
of the deck, which included loose of the concrete surface, deep grooves, and exposed
steel bars.
The PSPA tool measured the elastic modulus of the concrete bridge deck.
Measuring the elastic modulus of the concrete bridge deck using the PSPA tool and
relating it to the compressive strength gave a solid condition assessment of the bridge
deck (as compressive strength is one of the main factors used in assessing the condition
of a concrete deck).
The GPR tool responded mostly to the presence moisture content of the concrete
bridge deck. The GPR data were interpreted with the expectation that moisture content is
a function of porosity and that porosity is a function of the integrity. The GPR tool was
also used to accurately measure the pattern, placement, and density of reinforcing steel.
The interpretations of the data acquired using both tools correlated very well with
each other and with visual inspection.
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The following recommendation/conclusions are offered:
The PSPA tool did not give any information about the upper 3 inches of the
bridge deck. So, the PSPA assessments of the condition of the bridge deck are based on
the condition of the bridge deck from a depth of 3 inches to 11 inches.
Since the bridge decks deteriorate from the surface of the bridge deck down, the
PSPA interpretation would underestimate the condition of the bridge deck (relative to the
GPR tool) and visual inspection of wear surface.
The PSPA elastic modulus values increased from the top down, meaning the
concrete surface was deteriorating.
The PSPA instrument should not be placed on the top of the reinforcement bars
because the ambient noise induced by reinforcing steel bars will affect the calculation of
the apparent depth of the bridge deck. It is recommended to use the GPR onsite to mark
the placement of the steel bars and to avoid placing the PSPA instrument on the steel
bars.
The PSPA is a good tool to provide variability and repeatability of the elastic
modulus. The PSPA instrument is easy to move and perform the test onsite. However, the
quality of each PSPA tests needs to be checked onsite. To avoid bad quality data as a
result from factors such as noise, placing the instrument on the top of the reinforcing steel
bar, and cracks. Each PSPA point took about 3 minutes for acquire, and about 20 minutes
to process. This can be time consuming for large scale tests.
The PSPA contours with a 1 by 1 ft grid provided a high resolution 2D map and
resulted in detecting the changes in the elastic modulus through the entire concrete bridge
deck area. Acquiring the data took about two hours on each bridge.
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Since there is limited traffic on the Montauk bridge and the August A. Busch
bridge, the bridges were partially or completely closed to acquire the PSPA and GPR
data.
The GPR images the top of the reinforcement steel, which is about 3 inches from
the surface of the bridge deck. Since the bridge decks deteriorate from the surface of the
bridge deck down, the GPR interpretation would overestimate the condition of the bridge
deck relative to PSPA tool.
The spacing between each line was 1 foot for the GPR layout (the same spacing
that was used in the PSPA layout) for side-by-side comparison between the PSPA data
and GPR data.
The quality of the feet pads of the PSPA source and receivers is important in
assuring adequate connection to the concrete deck surface. Inadequate connection, caused
by factors such as cracks or a rough surface, can affect the results. Therefore, proper
placement of the instrument is advised to ensure proper coupling of the pad. Also, replace
the rubber pads when they show any sign of wear or tearing.
The weather can affect the interpretation of the GPR data, because the GPR
amplitude is a function of the dielectric conductivity. Dielectric conductivity is higher if
the moisture content in the concrete is higher. Higher moisture content in the concrete
deck indicates that the concrete is more porous or contains voids; thus, higher moisture
content in the concrete is an indication that the concrete is deteriorated.
Variation in the actual embedment depth of the reinforcing steel bars can affect
the interpretation of the GPR data. For example, if all the reinforcing steel bars were
embedded at a uniform depth, and the data shows one or some of the reinforcing steel
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bars was at a greater depth, then the velocity at which the GPR pulses in this section of
the bridge deck is lower, which is an indication that the reinforcing steel is corroded or
the concrete above the steel bar (steel cover) is deteriorated.
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